Central haemodynamics and regional blood flow were investigated during and after sodium nitroprusside (SNP) infusion in halothane anaesthetized rats. The administration of SNP 40 (ig kg" 1 min" 1 , decreased mean arterial pressure (MAP) to 52 (mean) mm Hg. Cardiac output (CO) remained unchanged, while heart rate (HR) and systemic vascular resistance (SVR) decreased. The regional blood flow in the splanchnic organs increased. When the SNP infusion was discontinued, MAP returned rapidly to, but not above, its initial vahie. Fifteen minutes later, CO was increased, while SVR and HR remained decreased. Cerebral, myocardial and renal perfusion increased and the changes in the splanchnic area persisted. It is obvious that, although MAP was reversed rapidly upon withdrawal of SNP, central and regional haemodynamic effects were prolonged.
The value of sodium nitroprusside (SNP)-induced hypotension has been studied during major orthopaedic surgery (Lawson et al., 1976; Thompson et al., 1978; Rosberg, Fredin and Gustafson, 1982) , ear, nose and throat surgery (Wildsmith et al., 1973; MacRae, Wildsmith and Dale, 1981) and neurosurgery (Stoelting, Viegas and Campbell, 1977; Lagerkranser, Gordon and Rudehill, 1980; Larsen et al., 1982) . However, although the central haemodynamic effects of SNP have been investigated in the dog (Ross and Cole, 1973; Rowe and Henderson, 1974; Wang, Iiu and Katz, 1977; Todd et al., 1982) only a few studies have considered the regional distribution of cardiac output (CO) during SNP-induced hypotension (Miletich and Ivankovich, 1978; Delaney and Miller, 1979; Hoffman et al., 1982) . Moreover, there appear to be no reports on regional blood flow following the withdrawal of the SNP.
The present investigation determined the central haemodynamics and regional blood flows in the rat during, and immediatedly after, SNP-induced hypotension.
MATERIALS AND METHODS
Twelve male Wistar rats, weight 248 g (range 205-285 g) were anaesthetized with halothane. Six rats were used as controls (group I), and six rats were investigated during and after SNP-induced hypotension (group II).
The investigation was approved by the Regional Committee of Ethics in Animal Experiments.
Animal preparation
Just before the experiment, the animals were anaesthetized with halothane and nitrous oxide in oxygen. A specially prepared polyethylene catheter (PE10), was introduced to the left ventricle of the heart via the right carotid artery, using a metal stylet (Sasaki and Wagner, 1971) . The correct position of this catheter was verified at necropsy. PE 90 catheters were inserted to the abdominal aorta and to the inferior vena cava, via the femoral vessels. The catheters were flushed with heparinized saline and clamped.
Anaesthesia
After catheterization, tracheotomy was performed, the animals placed supine and the tracheal tube connected to a small animal ventilator (Braun AG, Melsungen, Germany). Anaesthesia was maintained with 1% halothane and 60% nitrous oxide in oxygen (Gustafson et al., 1983) .
Hypotension
A freshly prepared solution of sodium nitroprusside 1 mgml" 1 in 5.5% glucose was infused i.v. using an infusion pump (model 355, Sage Instruments, Cambridge, Mass., USA). The infusion rate was adjusted to achieve a mean arterial pressure (MAP) of 50 mm Hg (6.7 kPa). The average amount of SNP used was 40 fig kg"'min"
1 . Microspheres type NEN-TRAC (NEN Co., New England, USA) of 15±1(SD) jun diameter and labelled with scandium-46 or ruthenium-103 were used. Depending on the radioactivity, from 1 x 10 3 to 2 x 10 3 spheres were injected into the left ventricle on each occasion over 3-5 s.
Measurements of cardiovascular function
Cardiac output (CO) (litre min~') was determined using the reference sample method (Archie et al., 1973 , Idvall et al., 1979 . Blood was withdrawn from the aortic catheter at a rate of 0.6 ml min" 1 for 30 s using a withdrawal pump (model 351, Sage Instruments, Cambridge, Mass., USA). Cardiac output was calculated using the formula:
CO=O r (/ t F// r ) where O r = withdrawal rate, /, = total injected radioactivity and / r = radioactivity of the reference sample. F is a conversion factor necessary as 7 t and 7 r are obtained by two different gamma spectrometers.
Measurements of radioactivity and calculation of regional blood flow. The technique for measuring organ blood flow was the same as that used for rats in earlier investigations from our laboratory (Idvall et al., 1979; Gustafson et al., 1983) . Organ blood flow was obtained by multiplying CO by the fractional distribution of CO to each organ.
Arterial pH, PCCh, PCh and standard bicarbonate
were measured in 0.5-ml samples of blood (ABL1, Radiometer, Denmark) and the haematocrit (EVF) (%) was determined in duplicate, using 20 /ilitre of blood. The heparinized microtubes were centrifuged at 1000 g for 10 min.
Experimental procedure
In group I, MAP and HR were recorded and arterial blood-gas tensions analysed after 90 min of anaesthesia. At the same time regional blood flow and CO were determined, using radioactive microspheres labelled with scandium-46.
In group II, MAP was decreased to 50mmHg (6.7 kPa) after 60min of stable anaesthesia. Fifteen minutes after an appropriate level of hypotension had been achieved, CO and regional blood flow were measured, using microspheres labelled with scandium-46. At the same time MAP, HR and arterial blood-gas tensions were determined. Fifteen minutes after the discontinuation of the infusion of SNP, CO and regional blood flow were measured again, using microspheres labelled with ruthenium-103. MAP and HR were determined also. In both groups the blood withdrawn for analysis was replaced by a three-fold volume of saline.
Statistical methods
The Mann-Whitney test for unpaired observations was used between the groups.
RESULTS
The animals tolerated the experimental procedure and no arrhythmias were observed. Haematocrit values showed only minor decreases during the study. A mean arterial pressure of 52mmHg (6.9 kPa) was achieved within 1-2 min following the start of the SNP infusion ( fig. 1 ). Approximately 40 ng kg"' min"' was infused during the hypotensive period. The initial infusion rate had to be increased slightly to maintain MAP at 50 mm Hg. After cessation of the SNP infusion, MAP returned almost immediately to its initial value ( fig. 1 ).
Induced hypotension
During the period of induced hypotension, MAP, HR, SVR, and LCW, were decreased significantly compared with group I (control). CO increased, although not significantly (table I) . The fractional distribution of CO is shown in table II. There were significant increases in the fractions delivered to the spleen, small intestine, and preportal area. Hepatic arterial fraction decreased. The corresponding regional blood flows are shown in table HI. Perfusion of spleen and small intestine increased. Hepatic arterial flow was decreased, while preportal and total liver blood flows increased.
Arterial PCO2 increased but no other change was found in the blood-gas tensions (table I) .
Restoration of arterial pressure
On discontinuation of the infusion of SNP, MAP returned rapidly to the initial value. Fifteen minutes later, HR and SVR were still decreased, while CO and LCW had increased significantly (table I) .
There was an increase in the fractions of CO distributed to brain, heart, small intestine and preportal area compared with the control group (table  II) . Hepatic arterial fraction remained decreased and the carcass fraction was reduced.
Perfusion of brain, heart, kidneys, spleen and intestine increased, as did the preportal and total liver blood flows (table III) . 
DISCUSSION
The average amount of SNP used in this study (40ugkg~1min~1) was the same as that given by Hoffman and colleagues (1982) to rats during halothane anaesthesia. Depending on the influence of the anaesthetic, variable amounts of SNP are required to achieve the desired level of hypotension. Miller and co-workers (1977) used 160/igkg" 1 min~' to achieve the same degree of hypotension in rats during enflurane anaesthesia.
In the present investigation, hypotension was maintained for only 15min. However, a small increase in the infusion rate of SNP was needed to maintain MAP at 50mmHg. This tendency to tachyphylaxis might depend on activation of the renin-angiotensin system (Miller et al., 1977) or an increased sympathetic activity (Rawlinson, Loach and Benedict, 1978; Todd et al., 1982) , or both.
The microsphere technique for studies of regional blood flow (Rudolph and Heymann, 1967) has been modified for studies in rats (Malik, Kaplan and Saba, 1976; McDevitt and Nies, 1976; Svedman, 1977; Idvall et al., 1979) . Idvall and colleagues (1979) demonstrated that the ventricular injection of microspheres in the rat gives an adequate assessment of coronary blood flow when the inner layer of the ventricle is excised before the measurements. This was applied in the present study. It might be suspected that the ligation of the right carotid artery would decrease the blood flow to the brain. However, studies by Malik, Kaplan and Saba (1976) and Malik and others (1978) demonstrated that, if only one carotid artery was ligated, total cerebral blood flow remained unaffected although, if both carotids were ligated, cerebral blood flow was reduced, but still remained within physiological limits because of collateral blood flow. In this study, only the right carotid artery was ligated.
No changes in central haemodynamics or regional blood flow occurred between 60 and 90min of halothane-nitrous oxide anaesthesia with controlled ventilation in the rat (Gustafson et al., 1983) . In the present study, measurements were performed within this period. Thus, the recorded changes should be attributed to the effects of SNP.
Heart rate decreased significantly during hypotension. This is in contrast to the increased HR seen often in young patients (Wildsmithetal., 1973; Khambatta, Stone and Kahn, 1979; iRudehill, Gordon and Lagerkranser, 1979) . Miller and colleagues (1977) suggested that rats have such a fast and variable HR that it cannot be considered a good estimate of sympathetic activity.
In the rat, the induction of anaesthesia with halothane is accompanied by an increase in hepatic arterial flow, while preportal flow is unchanged (Miller, Kistner and Epstein, 1980; Gustafson et al., 1983) . During hypotension, the decrease in hepatic arterial flow was less than the increase in preportal flow in the present study. Thus, calculated total hepatic flow increased significantly, in agreement with the findings of Delaney and Miller (1979) .
No metabolic acddosis was found during hypotension, but arterial RXh increased. This might be caused by an increase in physiological deadspace during hypotension (Askrog, Pender and Eckenhoff, 1964) .
When the SNP infusion was discontinued, MAP returned rapidly to the initial value. Thus, the reports of rebound hypertension following withdrawal of SNP (Miller et al., 1977; Khambata, Stone and Kahn, 1979; Rudehill, Gordon and Lagerkranser, 1979) could not be confirmed in this investigation. However, it should be recognized that, in this study, the period of hypotension was very short (15 min).
Following cessation of the infusion, CO increased significantly and blood was diverted from the periphery to increase the perfusion of brain, heart, kidneys and bowel compared with the control rats (group I). Thus, there are regional differences in the flow distribution once normotension has been achieved compared with the situation before the SNP infusion. The reason for this is not obvious. It might depend on residual drug, although the halflife of SNP is considered to be only a few minutes in rats (Hobel and Raitelhiiber, 1976) . It might be that the effect of SNP is prolonged in certain vascular beds.
Myocardial perfusion increased by approximately 60%. At the same time, left cardiac work was significantly increased when compared with halothaneanaesthetized rats (group I). This agrees with the statement of AUela and co-workers (1955) and Berne (1964) , who found coronary flow to be regulated primarily by cardiac work.
Fifteen minutes after cessation of the SNP infusion, cerebral blood flow was significantly increased, indicating persistent cerebral vasodilatation. This is supported by the findings of Auer (1978) , who demonstrated protracted vasodilatation of pial vessels after withdrawal of SNP in cats. Thus, both the increased MAP and the increased CO may augment cerebral blood flow in the present investig-ation. This agrees with other reports (Ivankovich et al., 1976; Turner et al., 1977) , suggesting that SNP may compromise cerebral autoregulation.
After withdrawal of SNP, renal perfusion increased significantly. This increase was caused by the increased CO, since the renal fraction of CO was unchanged. Thus, the normal regulation of renal blood flow did not work. Also, the splanchnic circulation was increased, with significantly enhanced perfusion of the spleen, intestine, preportal area and total liver flow. Thus, the effect of SNP appears to be protracted in the renal vascular bed and the splanchnic area.
Therefore, it is obvious that, when SNP is withdrawn, its haemodynamic effects persist long after the rapid reversal of mean arterial pressure.
